IMPORTANCE Concussion is the most common form of traumatic brain injury (TBI). While most patients fully recover within 1 week of injury, a subset of patients might be at a higher risk of suicide.
C oncussion is defined as a transient disturbance of neurologic function caused by acute trauma. 1 Concussion is the most common form of traumatic brain injury (TBI), with approximately 4 million concussions occurring each year in the United States. 1 It is increasingly recognized as an injury affecting military personnel. 2, 3 For approximately 80%
of affected individuals, neurologic symptoms resolve within 7 days of injury. 1 However, up to 25% of patients experience chronic neuropsychiatric symptoms, including anxiety and depression, that may last years after the initial injury. 4 High-profile cases of professional athletes (eg, Junior Seau, Ken Stabler, and Mike Webster) and military personnel who sustained concussions and subsequently died from suicide have received widespread media attention. 5 Although there has been anecdotal evidence reported in newspaper reports, movies, and documentaries suggesting a link between concussion and/or mild TBI and subsequent suicide, past studies on the topic have been limited by small sample sizes and conflicting results. [6] [7] [8] Systematic reviews have demonstrated that severe TBI is associated with a higher risk of suicide. 9, 10 Severe TBI may involve diffuse axonal injury, intracranial hemorrhage, and/or coma, 10 which may cause more severe health consequences than a concussion. Therefore, results of systematic reviews of severe TBI may not apply to concussions. Evaluating the potential association between concussion and/or mild TBI and suicide is important, because concussion and mild TBI are common, affect individuals of every age, and are often preventable. Furthermore, even if the absolute risk of suicide is low, evidence of an association between concussion and mild TBI and suicide across a range of populations is important because of the seriousness of the outcome. The objective of this systematic review and meta-analysis was to assess the risk of suicide after concussion.
Methods

Protocol and Registration
We conducted a systematic review and meta-analysis, according to the Preferred Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA) guidelines. 11 Before initiation, we registered our study on Prospero (CRD 42016049388; eMethods in the Supplement).
Information Sources
PubMed (Medline), Embase, Published International Literature on Traumatic Stress (PILOTS), PsycINFO, and Google Scholar were searched from 1963 until May 1, 2017. Conference abstracts, including unpublished studies, from the Annual Academy of Neurology from 2012 to 2017 were also reviewed. (Abstracts prior to 2012 were not readily accessible.) Additional articles were identified by screening reference lists of articles and contacting study investigators.
Search Strategy and Eligibility
Our search strategy, which was created with the help of a librarian with expertise in meta-analysis, is summarized in the eMethods in the Supplement. Keywords included suicide, suicide attempt, suicidal ideation, concussion, and traumatic brain injury.
For each database, we used keywords to identify the appropriate controlled vocabulary terms (eg, MeSH headings). We included observational studies that quantified the risk of suicide, suicide attempt, and/or suicidal ideation after a concussion and/or mild TBI, compared with an unexposed comparator. Only studies written in English, French, or Italian were included.
Study Selection
The study selection process is outlined in Figure 1 . Two authors (E.S. and A.H.) independently reviewed all titles and abstracts to determine eligibility; the full text of the article was evaluated if the content was not clear from the abstract. Disagreements in study inclusion were resolved through consensus, and when no consensus was reached (<1% of studies) it was resolved by a third author (M.F.).
Data Collection and Quality Assessment
An initial data collection tool was piloted using 5 articles and revised thereafter based on mutual consensus (M.F. and T.K.). The following information was independently extracted from each article by 2 trained investigators (M.F. and T.K.): study authorship, year of publication, study period, country, language, study design (ie, cohort, case-control, or cross-sectional), inclusion and exclusion criteria, population type (ie, military, athletes, students, children, and/or general population), sample size, data source, primary objective, and study conclusion. We also extracted patient demographics, including age, sex, and psychiatric history (ie, depression, anxiety, and substance use disorder). We collected the following concussion-associated information: method of diagnosis (ie, International Classification of Diseases, Eighth, Ninth, or Tenth Revision [ICD-8, ICD-9, or ICD-10] diagnosis, physician diagnosis, concussion scale, survey information, or self-report), the definition used (ie, concussion or mild TBI), and number of concussions or mild TBIs. We collected the following suicideassociated information: ascertainment of outcome (ie, death certificate, database or registry information, family interview, or questionnaire/survey for details on suicide attempt or ideation). We extracted unadjusted and adjusted crude measures of association for suicide, suicide attempt, and suicidal ideation. When neither were reported, we recorded the frequency counts required to calculate unadjusted measures of association. When relevant information was not included in a publication, we contacted the authors of included papers to obtain the data needed to quantify the measures of association.
Quality Assessment
All studies were independently assessed by 2 investigators (M.F. and T.K.) for risk of bias using the Newcastle-Ottawa Scale for cohort and case-control studies. 12 A modification of the NewcastleOttawa Scale was used for assessment of cross-sectional studies.
This scale assesses quality in terms of sample representativeness and size, comparability between respondents and nonrespondents, ascertainment of suicide, and statistical quality. Disagreements in quality assessment were resolved by consensus.
Summary Measures
We extracted count data, unadjusted and adjusted estimates of absolute risk and relative risk, and the respective 95% CIs for suicide, suicide attempt, and suicidal ideation. When both unadjusted and adjusted estimates were provided, adjusted estimates were used. When only count data were provided, we calculated unadjusted measures of association. All statistical analyses were performed using Stata IC version 14.2 (StataCorp LP) and RevMan Version 5.3 (the Nordic Cochrane Centre, the Cochrane Collaboration). We used random-effects models using the method of DerSimonian and Laird. 13 We analyzed suicide, suicide attempt, and suicidal ideation separately. We calculated pooled estimates presented as relative risks (RRs) with 95% CIs and presented these in forest plots. Different studies calculated different ratio measures of association (eg, rate ratio, odds ratio, incidence ratio). However, since the occurrence of suicide was rare, these estimates should be fairly similar for the different ratio measures. We have referred to these effect estimates using the umbrella term of RRs.
We quantified statistical heterogeneity using the I 2 test sta-
tistic. An I 2 of less than 25% is considered no statistical heterogeneity, 25% to 50% as low statistical heterogeneity, 50% to 75% as medium statistical heterogeneity, and more than 75% as high statistical heterogeneity. 14 We evaluated the potential for publication bias with funnel plots for the outcomes and the Egger test.
Sensitivity Analyses
To assess the robustness of our results, we planned to perform an additional analysis stratified by the NewcastleOttawa Scale score (lower quality [≤4 points] vs higher quality [>4 points]) and an analysis stratified by population type (military vs nonmilitary personnel). We also performed 2 post hoc analyses of the risk of suicide, restricted to (1) studies that adjusted for potential relevant confounders and (2) cohort studies that reported an odds ratio or hazard ratio.
Results
Study Selection and Characteristics
We identified 1470 abstracts, and 17 studies met our inclusion criteria ( Figure 1 ). These consisted of 10 cohort studies (Figure 2) , and all identified concussion and/or mild TBI using validated ICD-8 or ICD-9 or ICD-10 codes and suicide using death certificate data. For these studies, the reported mean and/or median age of participants ranged from 8 years to 58 years, and the reported mean and/or median percentage of male patients ranged from 52% to 96% (eTable 1 in the Supplement). Eight studies included suicide attempt [6] [7] [8] 19, 20, [22] [23] [24] as an outcome, most (6 [75%]) of which identified concussion and/or mild TBI using a questionnaire and suicide attempt via a questionnaire or interview. Eight studies included suicidal ideation 3, 6, 7, [20] [21] [22] [23] 25 as an outcome, most (5 [63%])
of which identified concussion and/or mild TBI and suicidal ideation using a questionnaire or interview. We evaluated each study using the Newcastle-Ottawa Scale quality assessment criteria (eTable 1 in the Supplement). Of 9 possible points, the median score for cohort studies was 6 (range, 2-7), and the median score for case-control studies was 6 (range, 5-7). Of 8 possible points, the median score for crosssectional studies was 6 (range, 4-8).
Risk of Bias
All 6 studies 2,15-18,26 of suicide used ICD-8, ICD-9,orICD-10 codes to identify concussions and/or mild TBIs, a method that has a demonstrated specificity of 99%. 18, 27 These studies all used death certificates to identify suicides, and this method has been validated previously to correctly classify suicide deaths. 16, 18, 28 Studies assessing the risk of suicide attempt [6] [7] [8] 19, 20, [22] [23] [24] mainly used self-reported data to identify both concussion , metaanalysis was pursued, because 5 of the 6 included studies were of a similar design (ie, cohort studies), used the same validated method of identifying both concussion and/or mild TBI (ICD-8, ICD-9,orICD-10) and suicide (death certificate), and were of relatively high quality (median Newcastle-Ottawa Scale score, 6). In addition, the association was slightly stronger when the metaanalysis was restricted to studies that adjusted for factors associated with concussion and/or mild TBI and suicide (RR = 2.10 [95% CI, 1.40-3.13]; I 2 =94 %;P < .01).
The absolute risk of suicide for patients diagnosed with concussion and/or mild TBI over time was available, or calculable, for 4 of the 5 cohort studies (eTable 1 in the Supplement). Two studies 15 
Risk of Suicide Attempt or Suicidal Ideation After Concussion and/or Mild TBI
Most studies reported a heightened risk of suicide attempt after concussion and/or mild TBI (Table) . Five studies (63%) provided risk estimates that adjusted for relevant baseline confounders. All 8 studies that assessed risk of suicidal ideation reported a heightened risk following diagnosis of concussion and/or mild TBI (Table) , with all 6 studies reporting estimates adjusted for relevant confounders.
Sensitivity Analyses
In 
When evaluated by the Newcastle-Ottawa Scale, the magnitude of heightened risk of suicide attempt or ideation associated with concussions and/or mild TBIs was weaker in lowerquality studies (score ≤4) than the associations reported studies with scores greater than 4. All of the studies reporting risk of suicide had a Newcastle-Ottawa Scale score greater than 4.
Assessment of Publication Bias
Visual inspection of the funnel plot showed minimal asymmetry (eFigure in the Supplement), and there was no evidence of small studies effect (per the Egger test). There were not enough studies for each outcome type to conduct these tests separately for suicide, suicidal ideation, and suicide attempts.
Discussion
In this systematic review and meta-analysis that included more than 700 000 individuals diagnosed with concussion and/or mild TBI and 6.2 million unaffected individuals, we observed a higher risk of suicide for people diagnosed with concussion and/or mild TBI compared with those without such diagnoses. Despite this heightened risk, nearly all patients diagnosed with concussion and/or mild TBI did not die by suicide. There are several possible mechanisms that may explain the association between concussion and/or mild TBI and suicide. Recent meta-analyses of neuroimaging studies of patients with mild TBI reported abnormal activity on functional magnetic resonance However, many cases of chronic traumatic encephalopathy have been reported in athletes without a history of concussion or mild TBI. 34 The lack of a prior documented concussion and/or mild TBI might be because of underreporting of these conditions, but this also raises the possibility that subconcussive events could be sufficient to cause chronic traumatic encephalopathy.
34,35
Two prior systematic reviews on the association between TBI and suicidality 9,10 primarily included patients with severe TBI and were limited by a small number of studies that prevented meta-analysis. Our study focused on concussion and mild TBI and included 3 large studies published since these systematic reviews. [16] [17] [18] Of the studies we identified reporting risk of suicide, there was a high level of statistical heterogeneity. Despite statistical heterogeneity across the included studies, they were similar in terms of study design (ie, 5 of 6 were cohort studies) and all used the same methods for identifying concussion and/or mild TBI (ICD-8 or ICD-9 or ICD-10) and cause of death (death certificate). Some of the heterogeneity was likely associated with study design and the type of effect estimates reported, because heterogeneity (I 2 ) fell when we excluded the case-control study as well as the study that reported standardized mortality ratios. The heterogeneity may also be associated with differences in injury severity across the included studies. For example, a study by Teasdale and Engberg 15 identified patients hospitalized with concussions and/or mild TBIs and reported the highest association with suicide, whereas the study by Fralick et al 18 only included patients who were not hospitalized for concussion. Furthermore, 2 of the studies 2,26 included military personnel who sustained injuries during combat. Interestingly, the relative risk of suicide after concussion and/or mild TBI appeared to be lower in the studies of military personnel. It is unknown whether this is associated with differences in reporting of concussions and/or mild TBIs or severity of injury, because the studies of military personnel also included fewer participants than the other studies did. For studies of suicide attempt and ideation, there was heterogeneity in study design, ascertainment of injury, and ascertainment of suicide attempt and ideation, and for these reasons, we did not meta-analyze results of these studies. However, most of these studies reported a heightened risk of suicide attempt or suicidal ideation for people diagnosed with mild TBI compared with those not diagnosed. These findings are consistent with prior systematic reviews for patients with TBI. 9 
Limitations
There are some limitations of our study. Most included studies only provided relative risks in terms of rate ratios or odds ratios. Therefore, we could not conduct a meta-analysis to quantify the absolute number of excess cases of suicide attributable to concussions and/or mild TBIs. For the studies that did provide absolute risks, the length of follow-up for the different studies varied considerably. A priori, we hypothesized that any heightened suicide risk associated with concussions and/or mild TBIs would increase incrementally with the number of injury incidents, but most studies reported exposure as any history of injury (yes/no). Therefore, we could not quantify the risk of suicide on a perinjury basis. In addition, few studies included the risk of suicide among athletes and children, populations that may be at greatest risk of concussion and adverse sequelae.
Another limitation of this systematic review and metaanalysis was that most of the available studies were retrospective, and most lacked an active comparator (eg, people with a nonneurologic injury). Both can affect confounding control and limit causal inference. Since suicide attempt may affect the reporting of concussion history, there is also a concern that recall bias could overestimate the association. While more prospective studies would be ideal, this would be an inefficient way to assess the risk of suicide after concussion, since suicide after concussion is quite rare. Until large prospective studies with sufficiently large durations of follow-up are available, we have to rely on the currently available data.
Our results suggest that compared with people with no history of concussion and/or mild TBI, there is evidence of a heightened risk of suicide, suicide attempt, and suicidal ideation among individuals diagnosed with these conditions. Whether there are certain characteristics that make some people more susceptible to these risks after concussion and/or mild TBI remains unknown. Because suicides are rare and may occur many years after a concussion, it is challenging to design studies that address the current gaps in knowledge, such as quantifying the typical time between concussion and/or mild TBI and suicide risk and identifying characteristics of patients who experience the greatest risk for suicide. There is currently an ongoing prospective registry in the United States that will include college athletes that sustain a concussion or mild TBI, but results from this registry are at least a decade away. 36 In the meantime, future studies are required to develop strategies to prevent concussions and/or mild TBI and to identify patients at highest risk of suicide after incurring such injuries. 
Systematic Review Search strategy
All search terms were identified following consultation with a librarian with expertise in systematic review and with clinicians who are content experts in the field. The databases below were searched until May 1, 2017.
PubMed (MEDLINE)
Analysis -Further Details
Reporting of suicide attempt versus ideation
For the study by Bryant et al., they defined "suicidality" using a score which include prior ideation as well as attempt. Since it included both ideation and possibly attempt, we provide the point-estimate in our table of suicidal ideation.
Number of concussion/mild TBI When the number of concussion or mild TBI were not provided in the manuscript,
we contacted the paper's corresponding author. In the case of the study by Richard et al., the number of mild TBI could not be determined in the manuscript. Dr. Richard verified that the number of mild TBI was 5,314.
Relative risk calculation
For the study by Schneider et al., there were 0 suicide attempts in the non-TBI group, so we used a continuity correction of 0.5 added to each cell and calculated an unadjusted risk ratio. 
